Abstract Noninvasive imaging techniques have been used in the past for visualization the functional activity of the bone marrow compartment. Imaging with radiolabelled compounds may allow different bone marrow disorders to be distinguished. These imaging techniques, almost all of which use radionuclide-labelled tracers, such as 99m Tcnanocolloid, 99m Tc-sulphur colloid, 111 In-chloride, and radiolabelled white blood cells, have been used in nuclear medicine for several decades. With these techniques three separate compartments can be recognized including the reticuloendothelial system, the erythroid compartment and the myeloid compartment. Recent developments in research and the clinical use of PET tracers have made possible the analysis of additional properties such as cellular metabolism and proliferative activity, using 18 F-FDG and 18 F-FLT. These tracers may lead to better quantification and targeting of different cell systems in the bone marrow. In this review the imaging of different bone marrow targets with radionuclides including PET tracers in various bone marrow diseases are discussed.
Introduction
Bone marrow is a dynamic tissue compartment in the cavity of bones. In adults, haematopoietic cells are produced by the bone marrow cells in the large bones that account for 2-5% of an adult's weight [1] . In the past, a distinction was made between red marrow which consists of haematopoietic cells and yellow marrow which consists of adipocytes. It is now general accepted that a small fraction of cells, the so-called haematopoietic stem cells (HSCs) reside in specific areas of the bone marrow including the osteoblastic and vascular niche [1] . These HSC have the potential for self-renewal but also for proliferation and differentiation into different cell lineages including the myeloid, erythroid and megakaryocytic lineages [2] . This process is strongly dependent on the surrounding cells of the microenvironment including mesenchymal stem cells that have the capacity to differentiate into osteoblasts, chondrocytes, adipocytes, myocytes and endothelial cells [1] . During life distinct changes occur in the composition of the bone marrow cavity. At birth, the whole bone marrow cavity contains haematopoietic cells which are gradually replaced by adipose tissue during life. In particular, the distal parts of the skeleton become depleted of haematopoietic cells with ageing.
The architecture of the haematopoietic system can be distorted strongly by a number of disorders, including malignancy. Transformation of a haematopoietic stem cell can result in expansion of the malignant clone and disruption of the normal haematopoietic system [3] . In acute leukaemia the bone marrow contains a population of immature cells that has lost the potential to differentiate. In myeloproliferative diseases (MPD), however, there is an expansion of a certain haematopoietic lineage that has the persisting potential for differentiation [4] . Exposure of haematological malignancies and solid tumours to radiation or chemotherapy will eliminate many of the rapidly dividing cells of the bone marrow. The degree and extent of this process will determine the severity of the bone marrow aplasia and duration of peripheral pancytopenia. Limited diagnostic procedures are available to determine the extent of bone marrow involvement. It is assumed that the material obtained with a bone marrow aspiration and biopsy from the sternum or the crista iliaca reflects the total bone marrow compartment. Using these methods, its composition and cellular components can be analysed. In addition, in vitro assays can be used to measure the potential of more primitive progenitors or stem cells [5] . However, bone marrow biopsy has distinct limitations: it is an invasive procedure and only a small proportion of the total bone marrow content is investigated. The latter may cause sampling errors. A noninvasive technique for the evaluation of the total bone marrow activity in haematological diseases, as well as for the evaluation of haematological effects of solid tumours, would therefore be invaluable.
In this review we describe the clinical indications of bone marrow imaging as well as the most common bone marrow disorders, including bone marrow transplantation. This is combined with a review of the literature on nuclear medicine techniques that are used in diagnostic protocols for determination of bone marrow disorders. We pay special attention to recent developments in positron emission tomography (PET) techniques for the imaging of the bone marrow.
Clinical indications
Current indications for radionuclide bone marrow imaging are as follows:
1. Evaluation of patients with a discrepancy between bone marrow histology and clinical status 2. Evaluation of the degree of radiotherapy effect on bone marrow 3. Detection of extramedullary haematopoiesis (EMH) 4. Location of the optimal site for bone marrow biopsy 5. Diagnosing and staging of haematological bone marrow disorders 6. Detection of bone marrow metastases 7. Diagnosis of bone marrow infarctions 8. Evaluation of bone marrow transplantation Bone marrow aspiration and biopsy are usually the standard techniques for evaluation of bone marrow function. However, sometimes a discrepancy can be found between histology of the bone marrow and the patient's laboratory and clinical findings. This may be due to a bone marrow sampling error. Noninvasive imaging using a specific bone marrow tracer can be helpful to confirm a suspected sampling error and will visualize a specific part of bone marrow functionality.
Many patients suffering from malignancies are treated with chemotherapy and/ or radiotherapy. These therapy modalities commonly cause adverse events on bone marrow activity. Bone marrow imaging may determine the amount of remaining functional bone marrow tissue and shows its biodistribution.
EMH refers to haematopoiesis taking place outside the bone marrow. This is a symptom of several haematological disorders, including chronic haemolytic anaemia (HA) and MPD. EMH occurs mainly in the liver and spleen, where it contributes to organ enlargement. It may, however, also occur in other organs or structures [6] . Clinical arguments supporting evaluation of EMH are (1) to determine the extent of EMH in the liver or spleen, (2) to determine the presence and evaluate the contribution of splenic erythropoiesis in patients under consideration for splenectomy, and (3) to evaluate mass lesions outside the liver and spleen to differentiate EMH from other processes. Bone marrow imaging is a diagnostic tool for determination and staging of several haematological bone marrow disorders. The latter is further addressed in the next paragraph Bone marrow disorders.
Detection of bone marrow activity as well as bone metastases is another indication for bone marrow imaging. Solid tumours have the propensity to metastasize to bone and may therefore influence the bone marrow compartment. Appropriate radiopharmaceuticals and clinical results are discussed in section Imaging the bone marrow using radionuclides.
Bone marrow infarctions are common in patients with sickle cell anaemia and its variants SC and S thalassaemia. Thalassaemia is an inherited autosomal recessive blood disease. Patients with haemoglobin SC disease inherit a gene for haemoglobin S from one parent, and a gene for haemoglobin C from the other. In fact, more than half of all patients suffering from these pathologies will experience bone marrow infarctions at some point during the course of their disease [7] . Plain X-ray images are usually normal in acute bone marrow infarction; therefore radionuclide imaging can play an additional role in the detection of acute bone marrow infarctions [8] . Finally, bone marrow imaging techniques may be useful for studying the proliferative activity of the haematopoietic compartment following intensive chemotherapy with and without stem cell support. Especially in the setting of autologous stem cell transplantation, determination of the remaining haematopoietic activity and its susceptibility to chemotherapeutic intervention in the case of relapse may be valuable. Bone marrow imaging may also be indicated to differentiate sepsis from bone marrow, after unclear skeletal and leucocyte scintigraphy findings; however, this is beyond the scope of this review.
Bone marrow disorders

Myeloproliferative diseases
MPDs are clonal haematopoietic stem cell disorders characterized by proliferation in the bone marrow of one or more cell lines resulting in an excessive production of cells belonging to the granulocytic, erythroid and megakaryocytic lineage (Table 1) . Nowadays, a WHO classification is used for distinguishing the separate disorders [9] . Different molecular markers have been defined such as JAK2 and TET2 mutations that might further be helpful in categorizing the disorders [10] . Most frequently diagnosed are chronic myeloid leukaemia (CML), polycythaemia vera (PV), chronic idiopathic myelofibrosis (MF), and essential thrombocythaemia [11] . These disorders are characterized by the fact that enhanced proliferation of different cell lines is accompanied by a relatively normal maturation, resulting in increased number of granulocytes, red blood cells and/or platelets in the peripheral blood. MPDs mainly occur in adults with a higher prevalence in the fifth to seventh decades of life. The MPDs can have a stepwise progression that leads to bone marrow failure due to MF or ineffective haematopoiesis. Furthermore, transformation to acute leukaemia may occur.
Frequently, there is a coincidence of symptoms for the specific MPD entities. Leucocytosis, thrombocytosis, excessive megakaryocytic proliferation, MF and organomegaly are features that can occur in almost any of the MPDs. For example, both PV (malignant red blood cell proliferation) and MF (proliferation of mainly megakaryocytic elements, associated with deposition of bone marrow connective tissue) can also be associated with increased white blood cells (WBC). PV is usually associated with a mild increase in WBC counts. PV is associated with regular WBC differentiation, whereas MF is frequently associated with a mild increase in immature WBC. Leucocytosis in PV is associated with an increased risk of thrombosis. However, the primary treatment is directed towards the control of increased red blood cells [12] . Today there remains a distinct subgroup of elderly patients with PV for whom 32 P is the optimal treatment option, as described in the guidelines of the EANM [13] . MF is associated with variable abnormalities in WBC, either increased with circulating immature precursors, or decreased in the presence of massive splenomegaly. The number of WBC in MF is therefore important for treatment decisions. Recently, a prognostic score index has been defined that may be helpful for establishing the proper treatment [14] . For example in PV, a survival time longer than 10 years is not uncommon [11] . The recent development of therapy targeting specific molecular defects in MPDs is an exiting field of interest in which nuclear medicine may play a key role.
Myelodysplastic syndromes
Myelodysplastic syndromes (MDS) are clonal haematopoietic stem cell diseases characterized by dysplasia and ineffective haematopoiesis in one or more of the major cell lines ( Table 1 ). The clinical behaviour of MDS can be highly variable and separation into subgroups is based on the bone marrow cytology and cytogenetic findings according to the WHO classification [9, 15] . Subgroups that can be distinguished are refractory anaemia (with or without ringed sideroblasts), refractory cytopenia with multilineage dysplasia, refractory anaemia with excess blasts, and MDS (unclassified or with a chromosome [16] . Secondary MDS tends to be much more severe than primary MDS. Clinical symptoms are related to cytopenia (s), most frequently anaemia, and less commonly neutropenia and/or thrombocytopenia. Organomegaly is infrequently observed. MDS prognosis depends on its morphological subtype and cytogenetic characteristics by which patients can be subdivided in low-and high-risk group. Patients in the low-risk group are treated with transfusion, haematopoietic growth factors, immunosuppressive therapy or lenolidamide. Those in the high-risk group are treated in general with therapy regimens commonly used for patients with acute leukaemia including allogeneic stem cell transplantation [15] .
Aplastic anaemia
Aplastic anaemia (AA) is a rare haematological disorder caused by immune-mediated destruction of HSC in the bone marrow [17] . Haematopoiesis fails: blood cell counts are extremely low (pancytopenia) and the bone marrow appears empty. Massive AA is a life-threatening bone marrow disorder, which is associated -if untreated -with a high mortality rate [18] . In almost half of patients the AA occurs during the first three decades of life. Often, the aetiology remains unclear. AA is associated with exposure to toxins such as benzene, or with the use of certain drugs, such as chloramphenicol, carbamazepine, phenytoin, and quinine. AA is present in up to 2% of patients with acute viral hepatitis. Clinical symptoms are related to the cytopenia(s). Anaemia leads to malaise, pallor and related symptoms such as palpitations, thrombocytopenia which is associated with an increased risk of haemorrhage, bruising and petechia, and granulocytopenia which is associated with an increased risk of infection. AA can be effectively treated by immunosuppressive therapy or allogeneic stem cell transplantation. When initial treatment is started promptly, the 5-year survival rate is up to 75%. After a well-matched bone marrow transplantation, patients have a long-term survival rate of up to 90% [19] .
Haemolytic anaemia
Haemolytic anaemia (HA) is anaemia due to the abnormal breakdown of red blood cells either in the blood vessels (intravascular haemolysis) or extravascularly by an overactive enlarged spleen that traps circulating red blood cells and destroys them. HA can be either acquired or inherited. Acquired HA can be either immune or non-immune mediated. HA represents approximately 5% of all anaemias. Signs of anaemia (fatigue, palpitations and later heart failure) are generally present. Jaundice (as a result of bilirubin accumulation which is caused by haemoglobin degradation) can be the first sign. The overall incidence of death is low among patients with HA. However, older patients and patients with cardiovascular impairment are at higher risk compared to the rest of the population. Symptomatic treatment can be given by blood transfusion. In immune-mediated HA steroid therapy is highly effective. Splenectomy can be helpful in extravascular haemolysis, because in this case most red blood cells are removed by the spleen.
Imaging the bone marrow using radionuclides
Based on the target cell system, bone marrow imaging using radionuclides may be divided into three categories:
(1) imaging the reticuloendothelial system (RES), (2) imaging erythroid precursor cells, and (3) imaging the myeloid compartment in the bone marrow. These imaging techniques, almost all using radionuclides for gamma cameras, have been used in nuclear medicine for many years. Recent developments in research and application of PET tracers has led to targeting two other pathways for imaging the bone marrow: (4) the metabolic activity, and (5) the proliferative activity. In general, PET tracers will provide absolute quantification options and a better resolution than gamma camera tracers. So the use of PET tracers may be an advantage compared to the use of gamma camera techniques for the evaluation of bone marrow disorders. The five target cell systems and the tracers for imaging the bone marrow are discussed below.
Imaging the reticuloendothelial system
The RES is part of the immune system and consists of phagocytic cells located in reticular connective tissue, primarily monocytes and macrophages. Major components of this system are the hepatic Kupffer cells, the phagocytic cells in the spleen and the phagocytic reticulum cells in the bone marrow. The RES can be easily imaged using radiolabelled colloids. Colloids are small particles that remain suspended in an appropriate medium. After intravenous injection, they are phagocytosed by macrophages and distributed throughout the body in the RES. This property is used for RES-targeted bone marrow scintigraphy.
The two most widely used tracers for scintigraphy of the RES are 99m Tc-sulphur colloid and 99m Tc-nanocolloid (Table 2) . Tc-sulphur colloid is widely used in the US. The sizes of the particles range from 100 to 1,000 nm. After intravenous administration, 5% of the injected activity accumulates in the RES of the bone marrow, about 90% in the liver and 5% in the spleen [20] . Because of the high liver uptake it is difficult to evaluate the bone marrow in the lower thoracic and upper lumbar spine.
99m Tc-nanocolloid is produced from microaggregated human serum albumin. More than 95% of the particles are less than 80 nm in size. After intravenous injection, 99m Tc-nanocolloid is rapidly cleared from plasma and taken up by the RES. About 15-20% is accumulated in the bone marrow by macrophages, the rest being distributed to the liver (70%) and spleen (10%) [21] . Because of their small size, the uptake of nanocolloids by the marrow is greater than that of larger colloids. There is a small-sized fraction of the nanocolloid which is not taken up by the RES and is probably slowly excreted by the kidneys, thereby giving rise to a considerable blood background and urinary tract activity.
Normal bone marrow scintigraphy shows homogeneous activity in the bone marrow of the axial skeleton with uptake in the humeri and femora limited to the proximal one-third. The skull, sternum and ribs may show variable degrees of uptake. The scans are evaluated for homogeneity and intensity of uptake in normally haematopoietic marrowcontaining structures, the presence and extent of peripheral marrow expansion, central marrow depletion and focal marrow defects. Bone marrow infarctions due to sickle cell anaemia can be imaged with 99m Tc-sulphur colloid, since RES activity is lacking in infarcted bone marrow, leading to the appearance of demarcated defects in bone marrow [22] . In the past, bone marrow images were often obtained using nanocolloids. This method is not now used because of its unfavourable target to background ratio [23] .
Imaging the erythroid bone marrow ('the red cells') The erythropoietic part of the bone marrow can be imaged with the PET tracer 52 Fe. Iron is incorporated into the haemoglobin of erythrocytes. 52 Fe is a cyclotron-produced positron-emitting isotope with a half-life of 8.2 h and decays by positron emission (57%) and by electron capture (43%) to the radioactive daughter 52m Mn (Table 2) . Another iron radioisotope, 59 Fe, emits β-rays with the high energy of 1.59 MeV and gamma rays of 1.1 and 1.3 MeV. It has a half-life of 45 days, and therefore imaging is of low quality with a high radiation dose. Bone marrow expansion has been demonstrated in patients with chronic HA (not acute HA), MF and, on rare occasions, PV [24] . However, the disadvantages mentioned above and the limited availability of the isotope and PET facilities have precluded its widespread use.
The tracer 111 In-chloride ( 111 In-Cl 3 ) distributes in the skeletal system in a manner partly similar to the distribution of iron isotopes and partly similar to that of nanocolloids [25] . 111 In-Cl 3 binds to transferrin in exactly the same manner as iron. In-Cl 3 uptake probably reflects the distribution of erythropoietic marrow.
111 In-Cl 3 has been used clinically for bone marrow studies [26, 27] . It is a cyclotron-produced isotope with a half-life of 2.8 days emitting gamma rays with energies of 171 keV (89%) and 245 keV (94%). It decays by electron capture to stable 111 Cd. After intravenous injection, 111 In-Cl 3 is rapidly coupled to serum transferrin and eliminated from the plasma with a half-life of 5 h. About 30% of the administered tracer is found in the bone marrow, 20% in the liver, 7% in the kidneys, and 1% in the spleen. The remaining activity is distributed throughout the body fluids without any specific tissue accumulation.
111 In-Cl 3 is incorporated into erythrocytes only to a minor degree (4% of injected dose) [21] . In patients with normal bone marrow function and iron storage, the distribution of 111 In-Cl 3 is similar to that of the 99m Tc-labelled colloids (Fig. 1) [25] . Patients with MF show an extension of 111 In-Cl 3 uptake beyond the central skeleton towards the knees and sometimes ankles and elbows, together with uptake in the spleen. The clinical severity of the disease may be predicted by uptake of indium, particularly the disappearance of a physiologically active bone marrow (Fig. 1) [28] .
111 In-Cl 3 scintigraphy of the bone marrow has been reported in patients with AA before therapeutic intervention. In almost all patients a marked reduction in the uptake was seen.
Failure of 111
In-Cl 3 uptake correlated with a poor prognosis in patients with AA [29] . Another study was performed in patients with AA in remission for more than 2 years. Bone marrow scintigrams using 111 In-Cl 3 showed patchy haematopoiesis which appeared to characterize the residual marrow damage in AA remission [30] .
Overall, the results are not very encouraging. Moreover, bone marrow irradiated with 5 Gy failed as expected to accumulate iron but had unimpaired 111 In-Cl 3 uptake. Together with its nearly negligible incorporation into erythrocytes and the relatively high radiation exposure of the erythroid compartment, this almost completely precludes the use of 111 In-Cl 3 as a reliable agent for the assessment of erythropoietic bone marrow activity.
Imaging the myeloid bone marrow compartment ('the white cells') 99m Tc-HMPAO or 111 In-oxinate-labelled WBC are useful bone marrow imaging tracers (Table 2) . Granulocytes may become damaged during the labelling process and will be trapped in the marrow, so the images obtained presumably represent the distribution of marrow reticuloendothelial cells. Although there is considerable liver activity with this technique, it is significantly less than seen with the colloid agents, so the spine is usually minimally obscured. However, the labour-intensive cell labelling procedure and risk of contamination makes this technique only suitable for well-equipped laboratories with qualified personnel. Labelling of WBC may be improved using new developed kits that are safe and easy to use, with a high labelling efficiency without affecting cell vitality and function and with less risk of contamination. An alternative technique to label WBC in vivo is based on the use of murine 99m Tc-AGAb) directed against the nonspecific cross-reacting antigen 95 (NCA-95) has been found to be a suitable modality for bone marrow imaging because of the simplicity of its use and a high target-to-background ratio [31] . NCA-95 is expressed at the cell membrane of circulating granulocytes in blood as well as in mature myeloid cells in the bone marrow [32] . The binding of AGAb to cells in the bone marrow is very rapid and extensive because of the high concentration of granulocytes, promyelocytes and myelocytes that all express the NCA-95 antigen [33] . Myeloid cells in the bone marrow are in a 50-100:1 excess compared with granulocytes in the peripheral blood.
99m Tc-AGAb has been found to distribute primarily to the bone marrow after intravenous injection [34] , and a progressive increase in activity in the spleen and the bone marrow is visible [33] . The uptake in the spleen can potentially be used for assessment of EMH [21] .
The bone marrow status can be evaluated in three different ways: (1) estimation of the bone marrow distribution pattern, (2) identification of focal lesions (cold and hot), and (3) calculation of the uptake ratio between the sacroiliac region (corrected for background activity) and the background [35] .
The bone marrow appearance in each haematological disease on 99m Tc-AGAb scans seems to be characteristic. In PV, a moderately increased uptake in the spleen is seen, probably related to EMH [36] . In MDS, generalized, small focal defects in uptake in the bone marrow are seen without indications of EMH or peripheral expansion [21] . In patients with MF, diffusely decreased bone marrow activity and prominent splenic uptake are seen. In AA, highly reduced and patchy marrow uptake is seen, but also a diffusely decreased uptake.
Imaging the metabolic activity
The well known PET tracer 18 F-fluorodeoxyglucose (FDG) is widely used in the evaluation of oncological and infectious diseases. FDG uptake is a measure of cell glucose utilization (glycolysis). FDG is metabolically trapped in the cell after phosphorylation as FDG-6-phosphate. Unlike glucose, FDG does not further participate in the glycolytic pathway and remains in the cell. FDG uptake reflects the metabolic activity of the cell and it is useful to examine the function of the red marrow and to detect bone marrow involvement in both benign and malignant disorders. PET/CT additionally provides the synergistic advantages of precise anatomical localization of radiotracer uptake, high contrast and spatial resolution, and accurate quantification of metabolic activity at sites of radiotracer uptake.
Under normal conditions the liver, spleen, and bone marrow show homogeneous low uptake of FDG, with the bone marrow and spleen appearing less intense than the liver. Uptake of FDG in haematopoietic marrow, and its pattern and amount, can vary with age and with the level of marrow function at the time of PET examination [23] . Higher FDG uptake in the bone marrow than in the liver may indicate bone marrow activation [37] . The diffuse increase in FDG uptake in the bone marrow may be caused by the presence of malignancy or haematopoietic disease, but also may be due to an inflammatory reaction, stimulation by some types of malignancy, as a result of recent chemotheraphy, or to the administration of haematopoietic growth factors. To determine the effect of granulocyte colonystimulating factor (G-CSF) and granulocyte-macrophage colony-stimulating factor (GM-CSF) on bone marrow glucose metabolism, the specific uptake of FDG in bone marrow has been evaluated. It was shown that a substantial increase in bone marrow FDG uptake is rapidly induced by CSF treatments and should not be misinterpreted as diffuse bone metastases or bone marrow disease [38] . Therefore, FDG uptake is a sensitive marker of stimulated haematopoiesis, and both the extension and the intensification of uptake should be taken into account during haematopoietic growth factor therapy [39] . FDG uptake in the bone marrow compartment can be quantified using the standardized uptake value.
Patients with PV show a diffuse elevated FDG uptake in the bone marrow, as a result of bone marrow stimulation related to the clonal expansion of multipotent haematopoietic progenitor cells in this disease. When diffuse high marrow uptake of FDG is seen, PV should be considered in the differential diagnosis in the absence of an another aetiology [40, 41] . In a case report, a patient with MF was reported to show a markedly increased FDG uptake throughout the spleen and liver. Both were massively enlarged, and combined with a lower FDG uptake in the bone marrow of the central skeleton, being a reflection of the patient's MF [42] . Patients with MDS also show diffuse bone marrow FDG uptake. This has also been found in patients who had undergone FDG PET for other reasons. So, these reports demonstrate that diffuse FDG uptake by the bone marrow probably suggests neoplastic disease of the haematopoietic tissue [43] . FDG PET has been shown to be effective for the detection of bone marrow metastases from several malignancies including lung carcinoma, breast carcinoma, and lymphoma [44] [45] [46] [47] [48] . It is unclear to what extent lesions are involved in bone marrow and bone metastases.
A recent study in 21 patients with diffuse large B-cell lymphoma and bone marrow involvement showed that the bone marrow uptake of FDG depends on the histological type of cell infiltrate. In this study, FDG PET showed abnormal foci of uptake in most patients with concordant bone marrow involvement (prominent diffuse large B-cell lymphoma), whereas FDG uptake was normal in most patients with discordant bone marrow involvement (prominent indolent lymphoma) [49] . Another study demonstrated at initial staging of Hodgkin lymphoma that diffuse bone marrow uptake without splenic involvement may be due to Hodgkin lymphoma-related bone marrow involvement. However, these observations are more likely to be due to bone marrow inflammatory changes. In contrast, diffuse spleen uptake in combination with bone marrow uptake is probably more associated with disease involvement than with inflammatory changes [50] . Moreover, in a study of the role of FDG as a tracer to visualize bone marrow metastases in 257 patients with newly diagnosed lung cancer, the accuracy, sensitivity and specificity of FDG-PET and bone scintigraphy were found to be 94% vs 85%, 91% vs 75%, and 96% vs 95%, respectively [44] .
A previous study investigating the bone marrow status in 112 breast cancer patients with N0 or N1 disease (who had undergone bone marrow aspiration twice) demonstrated that tumour cells were present in the bone marrow in 83% of the patients at the time of primary surgery. This was reduced to 24% 12 months after initiation of adjuvant systemic chemotherapy [51] . This supports the concept that systemic treatment is effective in reducing the number of tumour cells within the bone marrow. Further studies are warranted to investigate this differential response to systemic therapy. When metastases are mainly confined to the bone marrow compared to those that involve the bone matrix, this would further enhance the role of metabolic imaging of bone marrow metastases by FDG PET in various malignant disorders.
FDG PET can also be used for the evaluation of CML or acute lymphoblastic leukaemia (ALL) [52, 53] . Follow-up FDG PET scans were performed in patients with CML after termination of treatment [53] . FDG PET findings showed reduced FDG uptake in the bone marrow. Also localized relapse of ALL in bone marrow can be visualized with FDG PET [52] . FDG PET has already been shown to be useful in the initial staging of multiple myeloma patients (Fig. 2) . It has also been demonstrated to be valuable in patients with solitary plasmacytoma in bone as well as in patients suffering from extramedullary plasmacytoma [54] . Somatostatin receptor scintigraphy using 111 In-pentetreotide may also be a good alternative to find the malignant plasma cells in multiple myeloma and plasmacytoma patients, especially at relapse [55] .
99m Tc-sestamibi has also been proposed as a potential tracer in patients with multiple myeloma [56] . The patterns of 99m Tc-sestamibi uptake in patients with multiple myeloma are related to both the clinical status and the stage of disease. The presence of focal uptake or of intense diffuse bone marrow uptake suggests that the patient has active and advanced stage disease, while a negative scan in a patient with multiple myeloma clearly indicates remission [56] . Compared with 99m Tc-sestamibi FDG PET/CT performs better in the detection of focal lesions, whereas 99m Tc-sestamibi is superior in the visualization of diffuse disease in the spine and pelvis [57] . Finally, it is considered that FDG PET may become useful in the initial staging, follow-up, and restaging of patients with bone marrow malignancy.
Imaging the proliferative activity
The thymidine analogue 3-deoxy-3-18 F-fluorothymidine ( 18 F-FLT) was developed as a PET tracer to image cell proliferation [58] . The pyrimidine analogue thymidine is incorporated into DNA and undergoes the same first metabolic step as thymidine.
18 F-FLT is taken up by the cell by both passive diffusion and facilitated transport by Na + -dependent carriers. Subsequently, 18 F-FLT is phosphorylated by thymidine kinase 1 (TK1) into 18 F-FLT monophosphate, after which it is trapped in the cell. The phosphorylation by TK1 forms the basis of 18 F-FLT as a proliferation tracer. As a result of this behaviour, reduced 18 F-FLT uptake is seen in the affected area after radiother- (Fig. 3) . Accordingly, increased 18 F-FLT uptake in bone marrow and spleen is seen in patients with acute myeloid leukaemia. This uptake is significantly higher in patients with relapsed, refractory, or untreated leukaemia [59] . Therefore, 18 F-FLT could be an imaging biomarker of disease activity. EMH lesions can also be seen with 18 F-FLT PET (Fig. 4e) .
In a recent pilot study, we demonstrated 18 F-FLT distribution in haematological disorders [60] . There is increased 18 F-FLT uptake in the bone marrow areas compared with that in healthy control subjects and a significant expansion of the bone marrow compartment in patients with MDS (Fig. 4b) . Patients with MPD showed remarkable expansion of the bone marrow with high uptake (see Fig. 4c ). Despite the large size of the liver and spleen in two patients with MPD, 18 F-FLT uptake in these organs was not elevated. Significantly higher uptake in the spleen and liver with distinct hepatosplenomegaly was characteristic of MF, with bone marrow uptake significantly reduced and expansion may be seen (Fig. 4d) . 18 F-FLT may also be a valuable tool for visualizing the bone marrow compartment and is able to identify solitary areas of increased proliferative activity that can frequently be recognized in patients with AA (Fig. 4a) . Increased 18 F-FLT uptake was demonstrated after stem cell transplantation in a group of patients with lymphoma. At the same time there was an extension of bone marrow activity in the peripheral skeleton. These findings correlated with in vitro data showing a higher proliferative activity of haematopoietic progenitor cells [61] . 18 F-FLT PET may be a promising method for noninvasive evaluation of bone marrow activity after bone marrow transplantation. F-FLT PET pattern in the bone marrow of the spine and relative heterogeneous expansion in the extremities, but the extremities can also be homogeneous. There is normal uptake in the liver and spleen. c A patient with MPD shows homogeneously increased uptake and extensive peripheral bone marrow expansion into extremity bones and no elevated uptake in the liver or (enlarged) spleen. d A patient with MF shows low uptake in the bone marrow compartment. Elevated uptake in the enlarged spleen and moderate elevated uptake in the liver as a result of extramedullary haematopoiesis. e A patient with thoracic paravertebral EMH with β-thalassaemia 11 C-Methionine is another PET compound that can be used for imaging the amino acid activity in highly proliferative tissues, such as bone marrow [62] . The mechanism of increased uptake of 11 C-methionine in bone marrow has been described as an expression of increased cellular proliferation and protein synthesis [63] . Multiple myeloma is a process characterized by neoplastic proliferation of plasma cells, and these cells nearly always produce complete monoclonal immunoglobulins or monoclonal immunoglobulin light chains. The unrestricted expansion of a plasma cell clone and the excessive synthesis of monoclonal immunoglobulins result in extensive skeletal destruction and anaemia.
11
C-Methionine incorporation into immunoglobulins of the malignant plasma cell clone in vivo can be assumed. On the basis of increased methionine uptake in plasma cells, active multiple myeloma can be imaged with 11 C-methionine PET [63] . Nunez et al. compared 11 C-methionine with FDG PET in 12 patients with metastatic prostate cancer.
11 C-Methionine PET was more effective than FDG PET for detecting bone metastases, including bone marrow involvement in this patient population [62] .
The potential advantages of PET using radiolabelled phospholipids, such as 11 C-and 18 F-labelled choline, in the assessment of patients with prostate cancer have been emphasized in previous studies [64, 65] . Choline uptake seems to be a marker of cell proliferation in prostate cancer, as malignancies are commonly characterized by increased proliferative activity. The second explanation proposed is upregulation of choline kinase in cancer cells: overexpression of choline kinase has been found in cancer cell lines, including human-derived prostate cancer [66] . Cimitan et al. examined 100 postoperative prostate cancer patients with persistently increased serum PSA levels, suggestive of local recurrences or distant metastases. 18 F-Choline PET/ CT correctly detected bone involvement in 21% of patients; also 76% of them were undergoing hormone therapy [64] . Bone marrow metastases were not scored separately in this study, but 18 F-choline may be an interesting PET tracer for this purpose.
11 C-Acetate has also recently been used for the imaging of prostate cancer and the genitourinary system and is suitable for visualizing the pelvis due to its lack of urinary excretion and its acceptable tumour to background contrast [67, 68] . Previously published data on the value of 11 Cacetate PET show that it might have significant potential for the detection of recurrences and bone metastases when using more advanced PET/CT equipment [69] . Probably 11 C-acetate may also be an interesting PET tracer for evaluation of bone marrow metastases. Recently, 18 Ffluoroacetate has been introduced as a possible alternative to 11 C-acetate for PET imaging, especially with respect to its longer half-life [70] .
Future perspectives and conclusion
Several patterns of bone marrow uptake can be identified depending on the haematopoietic activity, the underlying disorder and the radiopharmaceutical used. Bone marrow activity can be more or less identically recognized with gamma and PET cameras. However, differences have been noted in the resolution and quality, and PET offers the ability to quantify standardized uptake values of the bone marrow activity. Different targets can be used for imaging the total normal and diseased bone marrow compartment. This is an advantage compared to a bone marrow biopsy by which 1-2 cm of the bone marrow compartment is evaluated. Imaging may help to differentiate various bone marrow diseases and may play a part in monitoring treatment and bone marrow transplantation. There are new developments in PET tracers for the field of nuclear medicine. Imaging of hypoxia and programmed cell death in the bone marrow compartment are two features that may be used in the future for monitoring disease activity or for studying the effects of therapy including chemotherapy, kinase inhibitors or radiotherapy [71] .
A number of agents exploit the low oxygen tension in hypoxic tissues to permit intercellular trapping by reductive mechanisms. [ 18 F]Fluoromisonidazole-3-fluoro-1-(2′-nitro-1′-imidazolyl)-2-propanol ( 18 F-MISO) and 64 Cu-diacetylbis(N 4 -methylthiosemicarbazone ( 64 Cu-ATSM), and the recently introduced [ 18 F]fluoroazomycinarabinoside ( 18 F-FAZA) are the lead contenders for human application. Their promise is based on their noninvasive nature, ease of use and robustness, ability to measure hypoxia status, validity, ability to demonstrate heterogeneity, and general availability [71, 72] . 18 F-FAZA uptake by normal bone marrow cells is relative low, but may potentially increase under hypoxic conditions [71] . Visualization of apoptosis or programmed cell death with 18 F-annexin A5 may be of use to study the effectiveness of treatment in leukaemia, myeloma or MPDs [73] .
In future, 18 F-immuno-PET or labelling with the PET label 89 Zr with a longer life is of interest for the determination of CD66 distribution in the bone marrow, especially for the evaluation of leukaemia [74] . The CD66 antigen is expressed at the cell surface of mature myeloid cells including promyelocytes and granulocytes. It is therefore an attractive target for the detection of the extent of the monotonous population of leukaemic cells in the bone marrow and probably also of value for the monitoring of minimal residual disease following treatment. Anti-CD66 monoclonal antibodies labelled with beta-emitting nuclides (
188 Re and 90 Y) have already been introduced and can be used as part of the treatment for high-risk leukaemia [75] . Neovascularization is also a prominent feature of malignant transformation. Recently different agents have been introduced into clinical practice, including monoclonal antibodies against VEGF or kinase inhibitors of the VEGF receptor. New imaging tools with 89 Zr-bevacizumab have become available in solid tumours for visualization of neovascularization [76] . This might also be an attractive approach for haematological disorders since enhanced neovascularization is also a prominent feature in acute myeloid leukaemia [77] .
In conclusion, a variety of bone marrow targets can be imaged with radionuclide imaging, where PET offers the possibility of absolute quantification of bone marrow activity. Imaging may help differentiate various bone marrow diseases and may play a role in monitoring treatment effects.
